An electrochemical CO 2 gas sensor using Li 2 CO 3 and Li 2 TiO 3 + TiO 2 as sensing and reference electrodes, respectively, and Li 3 PO 4 as the electrolyte is the subject of this paper. The sensor response to CO 2 gas showed a systematic deviation from the prediction of the Nernst equation at low p CO 2 . Based on the electromotive force ͑emf͒ measurement, the transference numbers of Li 3 PO 4 , a lithium-ion conductor, were estimated for different p CO 2 values, and the conduction domain boundary for Li 3 PO 4 separating n-type electronic conduction from ionic conduction was constructed. The conduction domain predicts that change in the Li activity in the sensing side of the cell drives the Li 3 PO 4 electrolyte to a mixed ͑n-type electronic and ionic͒ conduction region at low p CO 2 . Hebb-Wagner dc polarization measurements also indicate n-type electronic conduction in Li 3 PO 4 with a mixture of Li 2 CO 3 and gold as a reversible electrode. The transference numbers obtained from both the emf measurement and the HebbWagner polarization measurements demonstrate that the origin of the non-Nernstian behavior of the CO 2 sensor is due to the lithium mass transport from the Li 2 CO 3 -sensing electrode to the Electrochemical CO 2 gas sensors exhibit good selectivity, sensitivity, and stability.
Electrochemical CO 2 gas sensors exhibit good selectivity, sensitivity, and stability. [1] [2] [3] [4] [5] Electrochemical sensors, especially equilibrium potential types, are most promising for CO 2 monitoring among the solid-state-based technologies. Equilibrium potential sensors have been generally classified into three broad groups. [1] [2] [3] The type-III design, also called a surface-modified sensor, is attractive for CO 2 sensing because it offers flexibility in terms of designing the sensor with different auxiliary materials and electrolytes.
Extensive studies of CO 2 gas sensors have focused on sodiumion conductors such as Nasicon and Na-␤-alumina. [6] [7] [8] [9] However, alkali-metal-based sensors are sensitive to humidity and deteriorate the sensing performance. 8 Lithium compounds are known to be more resistive to humidity than other alkali metal compounds. Previous studies by the authors 10, 11 on CO 2 sensors with Li 2.88 PO 3.73 N 0.14 and Li 3 PO 4 electrolytes and Li 2 CO 3 sensing electrodes have demonstrated excellent CO 2 sensing performance in the laboratory as well as in automobile exhaust. 12, 13 Moreover, Na-ion conductors are not compatible with microelectronic fabrication technology for integration of several sensors into electronic chips and mass production for commercialization. Because Li 3 PO 4 electrolyte has been fabricated as a Lipon glass thin film in battery applications, [14] [15] [16] it is a potential electrolyte candidate for thin-film CO 2 gas sensors.
Non-Nernstian sensor response has been often reported in literature, [17] [18] [19] which uses Na-ion-conducting potentiometric cells. Sadaoka et al. 17 claimed that the number of electrons in the electrochemical reaction of Na 2 CO 3 auxiliary phase is higher than two and is responsible for the slope change in the Nernst equation. AlonsoPorta and Kumar 18 suggested that Na 2 CO 3 is not stable in contact with Nasicon electrolyte, resulting in a thin Na 2 O layer at the interface that can affect the number of electrons involved in the electrochemical reaction of Na 2 CO 3 . Ramirez-Salgado et al. 19 pointed out that the overpotential due to the slow charge transfer and CO 2 diffusion in the Na 2 CO 3 sensing electrode are responsible for the nonNernstian behavior. The formation of Na 2 O layers or sluggish kinetics of Na 2 CO 3 electrochemical reaction can induce mixed potential instead of equilibrium potential, and the Nernst equation is not valid for the prediction of electromotive force ͑emf͒. In this study, we demonstrate that the electronic conductivity of the Li 3 PO 4 electrolyte is responsible for the deviation from the Nernst equation by using transference number based on emf and Hebb-Wagner polarization measurements.
Experimental
Li 3 PO 4 sample preparation and characterization.-Lithium phosphate, Li 3 PO 4 , with 5 mol % SiO 2 additive was used as the electrolyte in this study. Li 3 PO 4 ͑99.5%͒ and SiO 2 ͑99.5%͒ obtained from Alfa Aesar were ballmilled in isopropanol for 8 h and dried at 120°C. The dried powder mixture was cold pressed into pellets of 8 mm diam and sintered at 800°C for 8 h with a heating/cooling rate of 2°C/min. Sample geometry with diameter 0.76 cm and thickness 0.12 cm was used for all the electrical measurements. X-ray diffraction ͑XRD͒ was used for phase identification. The data were collected in the 2 range of 20-80°with a Scintag XDS 2000 X-ray diffractometer using Cu K␣ radiation at 45 kV and 20-mA current. Scanning electron microscopy ͑SEM͒ was performed using a Philips XL30 ESEM.
Sample preparation for total conductivity measurement.-The total conductivity was measured using gold ion-blocking electrodes. A CrC-150 Torr International, Inc., sputtering system and gold target ͑99.99% purity, 3-in. diam ϫ 0.5 mm thick, Sputteringmaterials, Inc.͒ were used. The sputtering was performed in an Ar gas ͑working pressure 4.5 ϫ 10 −3 Torr͒ for 10 min to get a fully dense film on top of the electrolyte. After the sputtering of gold, the sample was annealed at 700°C for 5 h with a 5°C/min heating/ cooling rate. Gold wire was attached using gold paste. It was cured at 700°C for 1 h with a 5°C/min heating/cooling rate.
Sample preparation for emf measurement.-The structure and design of the electrochemical cell for the emf measurement, a CO 2 sensor with Li 2 CO 3 and Li 2 TiO 3 electrodes, is described elsewhere.
11 Porous gold electrode structure was obtained using the sputtering process. Sputtering time was set from 4.5 to 7.5 min for optimum porosity. A postannealing at 700°C for 5 h with a 5°C/min heating/cooling rate provided a porous gold electrode morphology on Li 3 PO 4 .
Li 2 TiO 3 ͑Lithium Corporation of America, Inc.͒ mixed with 5 mol% TiO 2 ͑Alfa Aesar, 99.9%͒ was used as the reference electrode. The powder mixture was ballmilled in ethanol for 8 h and then mixed with ␣-terpineol organic binder ͑Fisher Chemicals͒ and painted on the porous gold electrode. It was cured at 700°C for 1 h. Li 2 CO 3 ͑Alpha Aesar, 99.999%͒ was used as the sensing electrode. It was also mixed with ␣-terpineol and painted on gold electrode on the other side by hand-painting and was heat-treated at 600°C for 1 h.
Sample preparation for Hebb-Wagner polarization measurement.-Hebb-Wagner polarization measurement requires one reversible electrode and the other to be an ion-blocking electrode. Gold paste ͑Heraeus gold ink͒ was used for the ion-blocking electrode. A thick gold paste was applied and cured at 700°C for 1 h at a heating/cooling rate of 5°C/min. On the other side of the pellet, a reversible electrode was made from lithium carbonate and gold paste mixture. This electrode was cured at 600°C for 1 h.
Gas preparation and electrical measurements.-Three gas species ͑N 2 , air, and CO 2 ͒ were mixed in appropriate proportions to get different concentrations of CO 2 from 500 ppm to 50%. A mixture of ultrahigh-purity nitrogen and synthetic air was used as a background gas in all measurements, flown at a rate of 210 mL/min. A schematic of the test assembly is given elsewhere. 20 The tests were performed at temperatures ranging from 400 to 600°C. A Solartron 1260 impedance analyzer was used to measure the total conductivity of the electrolyte. The frequency was swept from 0.01 Hz to 10 MHz. The emf was measured by an HP 34970A voltmeter which was interfaced with a computer using the HP Benchlink data logger software for data acquisition. A Gamry PC4/300 instrument was used to measure the steady-state current in the potentiostatic mode. Potential was increased in 0.05-or 0.1-V steps from 0.05 to 1.4 V. Each step was maintained for 2 h to collect the steady-state current data. 3 PO 4 electrolyte and its total conductivity.-The powder XRD pattern of sintered Li 3 PO 4 with 5 mol % SiO 2 is shown in Fig. 1 , indicating a two-phase mixture even after sintering. The SiO 2 addition only helps mechanical stability of the electrolyte. Figure 2 shows the SEM picture of the fairly dense surface of the lithium phosphate electrolyte.
Results

Phase of Li
The total conductivity was measured using gold ion-blocking electrodes. Figure 3 shows a typical impedance spectra using gold ion-blocking electrodes swept from 10 7 to 0.01 Hz in air at 500, 550, and 600°C. The depressed semicircle in the high-frequency region represents a distribution of the relaxation frequencies which correspond to bulk and grain boundary contributions. The total ionic and electronic conductivity of Li 3 PO 4 was obtained from the highfrequency semicircle because the impedance of ion-blocking electrode capacitance component is negligible at high frequency. The low-frequency semicircle was not fully represented in the tested frequency range. The electronic conductivity of Li 3 PO 4 was calculated by fitting the low-frequency semicircle. At low frequency, the ion-blocking electrode can totally block the ionic conductivity and allow only electronic conductivity. In order to confirm the fit, dc measurements were performed and they agree well with the values obtained from the low-frequency semicircle. The total and electronic conductivity values from impedance measurement at various temperatures are shown in Table I . The resistance of the second semicircle is larger than the first semicircle by about 2 orders of magnitude. It shows that the total conductivity of Li 3 PO 4 is almost equivalent to the ionic conductivity. This implies that lithium phosphate is almost a pure ionic conductor when it is attached to an ion-blocking electrode. Impedance measurement for the transference number is discussed later in detail.
The ionic conductivity ͑͒ data is plotted as log͑T͒ vs reciprocal temperature ͑1000/T͒ in Fig. 4 . The data shows a good fit to the Arrhenius equation
where E a is the activation energy for the ionic conductivity, 0 the pre-exponential constant, and k the Boltzmann constant ͑8.62 ϫ 10 −5 eV/K͒. The activation energy of 1.24 eV for the ionic conduction from Eq. 2 agrees well with literature 21, 22 as shown in Table  II Table III . R is the gas constant, F the Faraday constant, T the absolute temperature, and p CO 2 the partial pressure of CO 2 . Figure 5 shows the temperature dependence of measured emf of this cell at different CO 2 concentrations. Straight lines are the Nernst emf calculated from Eq. 4. It shows that the measured emf does not coincide with the theoretical prediction. Closest match between theory and experiment occurs at around 500°C, which lies in the middle of the tested temperature range.
The cell emf can also be represented as a function of the lithium activity in Li 2 CO 3 sensing electrode under thermodynamic equilibrium instead of CO 2 partial pressure because lithium activity was calculated from Eq. B-4 shown in Appendix B. The emf values as a function of lithium activity, a Li Љ , at 500 and 600°C are plotted in Fig.   6 and 7, respectively. The sensor shows different sensitivity under low CO 2 ͑high a Li Љ ͒ and high CO 2 ͑low a Li Љ ͒ concentrations at both 500 and 600°C. The sensitivity for lower concentrations ͑500-5000 ppm͒ is found smaller than that for high ͑5-50%͒ concentrations. Therefore, it is clear that cell 3 does not follow the Nernst equation, and its emf systematically deviates from the theoretically calculated values.
The non-Nernstian behavior can be interpreted by using the Wagner cell voltage equation ͑Eq. 5͒, which is generally used for a cell with mixed ionic and electronic conductor ͑MIEC͒
where a Li Ј is the lithium activity in the reference electrode, a Li Љ in the sensing electrode, a the electron conduction parameter, and a the hole conduction parameter. [24] [25] [26] [27] The derivation of this equation is based on Eq. 28, shown later. Considering the lithium activities in the sensing and the reference electrode calculated from Table III,   Table I . Measured resistance, and calculated conductivity and transference number from impedance measurement and dc measurement. 
implies electron conduction is prevalent in the MIEC, whereas Eq. 7 represents hole conduction. These equations allow us to calculate electron conduction parameter a or hole conduction parameter a . Both equations were used to fit the measured emf vs a Li Љ by using Origin 7.0 software, and the lithium activity a Li Ј and the conduction parameter a or a were used as fitting parameters. Equation 6 provides a better fit to the measured emf at 500 and 600°C. The a and a Li Ј derived from the curve fitting are shown in An open-circuit potential of −374 mV was measured at 500°C before applying the external voltage. Figure 8 shows typical current vs time at applied potentials from 0.05 to 1.4 V at 500°C. Measured current density values with respect to applied voltage are shown in Table V . The response at early times was faster followed by a slower change in current. The current curves were monitored for 2 h at each voltage and they were fitted by an exponential decay function ͑Eq. 9͒ to find the steadystate current values from I 0 Figure 9 presents the plot of the steady-state current density vs the potential at 500°C. A current plateau in the range of 0.3-0.9 V and a subsequent fast increase of the current are seen. When the sample is polarized with ion-blocking electrodes, electronic current density in a one-dimensional case is given by
where n and p are the conductivity due to electrons and holes, respectively, and L is the sample thickness.
28 n and p are obtained from fitting the data in Fig. 9 by using Eq. 10 and the values are estimated to be This result indicates that n is much higher than p in Li 3 PO 4 when it is in contact with Li 2 CO 3 reversible electrode. Similar observations were also found at 600°C. The ideal I-V relations are not observed at 600°C by fitting the data, but the electronic conductivity can be extracted relying on the plateau current.
Discussion
The important requirements for equilibrium potential sensors are ͑i͒ reversible electrode reactions and ͑ii͒ pure ion-conducting properties of the electrolyte. A reversible electrode is an electrode that establishes thermodynamic equilibrium potential when oxidation and reduction currents are balanced on the electrode. Nernst equation for CO 2 sensor cell is derived from these two unconditional assumptions. The ideal behavior of CO 2 sensor cells with a perfect lithium-ion conductor following the Nernst equation can be understood from the schematic of electrochemical, chemical, and electrical potential profiles shown in Fig. 10 . The electrochemical potentials are located at the highest level to indicate that they are the sum of both the chemical and the electrical potentials. The solid lines represent fixed potentials in this system and broken lines are the variable potentials. Chemical potential of oxygen is a variable, but both sides have the same oxygen partial pressure so it does not appear in the overall electrochemical equilibrium. Fixed chemical potential of lithium carbonate, titania, and lithium titanate are located in the order of their standard state chemical potentials. The electrochemical potential of lithium ions is equilibrated ͑⌬ Li + = 0͒ via three different phases, but the electrochemical potential of the electrons in the two gold electrodes is not equilibrated ͑⌬ e − 0͒, because the Li 3 PO 4 is assumed to be a perfect ionic conductor in this model. The overall emf is dependent only on the CO 2 partial pressure, as can be seen in Eq. 4 under thermodynamic equilibrium. Therefore, if slow electrochemical reactions at the electrodes hinder the establishment of the thermodynamic equilibrium, then the equilibrium potential is not achieved. However, in this case, the deviation from the Nernst equation should gradually decrease with increasing sensor operating temperature. More detailed discussion about this ideal model for the type-III sensor is found elsewhere. 20, 24 The Nernst equation ͑Eq. 4͒ can also be represented in terms of Li activities at the electrodes under thermodynamic equilibrium. The emf is dependent on the lithium chemical potential difference between the reference and the sensing electrodes The change in the CO 2 partial pressure is then directly related to the change in the lithium activity in the Li 2 CO 3 sensing electrode and the measured sensor voltage is expected to follow the Nernst equation ͑Eq. 11͒. This calculation is shown in Appendix B. Table VI shows the calculated lithium activity in the Li 2 CO 3 sensing electrode and measured emf at 500 and 600°C. Figure 11 [17] [18] [19] explaining the deviation due to the presence of a Na 2 O layer. Therefore, it is clear that slow electrochemical reaction or other phase formations is not the main reason for the non-Nernstian behavior of the CO 2 sensor cell at higher than 500°C.
The other possible reason for the emf differences can be a mixed ionic and electronic conduction of Li 3 PO 4 electrolyte because ionconducting ceramics can exhibit partial electronic conduction as temperature increases. If the electrolyte is not a perfect ionic conductor, Li and e − should be defined in the electrolyte based on the local electrochemical equilibrium of Eq. 14, implying that the mass transport of lithium occurs in the electrolyte due to ⌬ Li between the sensing and the reference electrode
Li
+ + e − = Li ͓14͔ Therefore, the lithium activities at the electrodes are important because the leakage current during mass transport through the electrolyte induces the deviation from the Nernst emf. If the ionic conductivity ͑ ion ͒ or the electronic conductivity ͑ el ͒ is not greater than the other by at least two orders of magnitude, then the material is an MIEC. 26 There are three different techniques available in literature to measure the partial electronic or ionic conduction. Tubandt's method 27 is a Faraday transference experiment to measure the mass transport by a dc current equivalent to charge transfer through an electrolyte. Kharton 30 However, this experiment is not suitable for alkali-metal-ion conductors at high temperatures, because it is difficult to measure the accurate mass change of the pure alkali metal electrode and to control the alkali metal activity involving gas-solid interaction.
Näfe et al. 25 reported mixed ionic and p-type conduction in Na -␤-alumina based on the emf measurement of a type III sensor with sodium carbonate sensing electrode, and NiO and FeO dissolved in a glass reference electrode. The fact that the Na-␤-alumina-based sensor becomes less sensitive at high levels of CO 2 concentration is due to dominant hole conduction in the electrolyte. As the CO 2 concentration is increased, sodium activity in the sodium carbonate electrode becomes smaller than the hole conduction parameter, which defines the boundary between the ionic and the hole conduction domains. However, Holzinger et al. 9 observed a Nernstian behavior with Na-␤-alumina-based CO 2 sensors under similar CO 2 concentration levels. Therefore, the origin of electronic conduction in the Na-␤-alumina and its effects are not completely sorted out.
Wagner 28 developed an experimental technique to measure the transference number by using the dc polarization method, which suppresses either the electronic or ionic conductivity with electronor ion-blocking electrode. In this study, two techniques, emf measurement and Hebb-Wagner polarization measurement, were used to investigate mixed ionic and electronic conductivity of Li 3 PO 4 for a type III CO 2 gas sensor.
Ionic vs electronic conductivity measurement using ion-blocking electrode.-Three polymorphs of Li 3 PO 4 ͑␣, ␤, and ␥͒ are present depending on the temperature: at 520°C ͑␤ → ␥-Li 3 PO 4 ͒ and 1170°C ͑␥ → ␣-Li 3 PO 4 ͒. 21 In this study, ␥-Li 3 PO 4 was used as the electrolyte. The transference number of Li 3 PO 4 electrolyte has not been reported in literature. Hu et al. 22 studied the conductivity of Li 4 SiO 4 -Li 3 PO 4 solid solution and the individual components. Wang et al. 21 compared the conductivity of pure Li 3 PO 4 and Li 2.88 PO 3.73 N 0.14 . They used Pt ion-blocking electrodes to measure the ionic conductivity. Figure 12a shows the equivalent circuit of the ac measurement cell with ion-blocking electrodes. It is assumed that the sample has both ionic and electronic conduction. The ionic resistance ͑R i ͒ and the electronic resistance ͑R e ͒ are connected in parallel. C bl is the capacitance between Li 3 PO 4 and gold-ion-blocking electrode. C b is the capacitance due to the dielectric property of the solid electrolyte. 31 This equivalent circuit leads to two semicircles with different relaxation times in the impedance plot. At high frequency, ion-blocking electrode cannot block the ionic current, because the impedance of the capacitance component varies reciprocally with the frequency and it is negligible. Therefore, the equivalent circuit can be simplified to three parallel connections of C b , R ion , and R el ͑Fig. 12b͒, but the ionic path is totally blocked by the gold-ionblocking electrode at low frequencies ͑Fig. 12c͒. 32 Hence, it is possible to measure the total conductivity from the high-frequency semicircle and the electronic conductivity from the low-frequency semicircle. Figure 13 shows a typical impedance spectra using gold-ionblocking electrodes for different gas concentrations at 500°C. As can be seen, the overall impedance behavior does not change as a function of gas concentration. This indicates that the conduction of Li 3 PO 4 electrolyte is chemically stable and insensitive to CO 2 and O 2 , justifying the validity of the use of gold as the ion-blocking electrode. AC measurements proved that the total conductivity of Li 3 PO 4 is almost equivalent to the ionic conductivity with negligible electronic conductivity when they are attached to the ion-blocking electrode. The measured ionic conductivity can be used for the calculation of the transference number combined with Hebb-Wagner polarization method.
Ionic vs electronic conductivity measurement using reversible electrode.-EMF measurement method. 33 derived an analytical expression for determining the ionic transference number from the measured open-circuit voltage of a galvanic cell. Näfe 34, 35 applied it to the study of p-type conduction in Na-␤-alumina, a sodium ion conductor, assuming that electronic conduction in the oxides is induced by local nonstoichiometry explainable by point defects. Basic assumptions of this method for lithium-ion conductors are ͑i͒ lithium is the only mobile ion, and ionic defect concentrations are not dependent on Li , i.e., ionic conductivity is independent of Li , ͑ii͒ the electron ͑n-type͒ and hole ͑p-type͒ conductivities are proportional to Li , and ͑iii͒ all conductivities show Arrhenius-type temperature dependence. 26 The type and extent of intrinsic disorder in the Li 3 PO 4 system is not known, and it is reasonable to assume that Frenkel defects of lithium interstititals are predominant. In the stoichiometric composition, the formation of ionic defects in Li 3 PO 4 can be represented by the following equilibrium reaction 
͓20͔
where K n and K p are mass-action constants of electron and hole production in the nonstoichiometric region of Li 3 PO 4 . For such cases, the partial conductivities of Li 3 PO 4 as a function of a Li and temperature are
where j o and E aj are the pre-exponential terms and activation energies, respectively, and they are independent of a Li and T. For a given total conductivity ͑ T = Li + + p + n ͒, the schematic conduction domains of Li 3 PO 4 can be represented in the plot of log͑a Li ͒ vs 1/T space, as shown in Fig. 14. As the lithium activity of the electrode increases at a given temperature, the electronic conduction becomes dominant in the electrolyte, while the hole conduction is significant when the lithium activity decreases. Below the critical temperature ͑determined by the intersection of the lines − and ®͒, the ionic conduction region is located between the electronic and the hole conduction regions. From Eq. 21-23, electron conduction parameter, a ͑line − in Fig. 14͒ can be determined as a function of the lithium activity where n-type conductivity and ionic conductivity are equal. Similarly, the hole conduction parameter a ͑line ® in Fig. 14͒ is also calculated. These electron and hole conduction parameters are the material properties of Li 3 PO 4 that can be empirically determined. From the definition of MIEC, the electrolytic domain ͑purely ionic͒ is smaller than the ionic conduction dominant region between log a − 2 and log a + 2. When the sensor is operated in such a region, the sensor behavior would follow the Nernst equation.
If Li 3 PO 4 is not a purely ionic conductor, in other words, the sensor is not operated in the electrolytic domain, the transference numbers should be taken into account to calculate the emf. The ionic transference number, t j , is defined by the fraction of the ionic conductivity to the total conductivity carried by all charged species 1 and is given by
where j is the conductivity of species j. The electron or hole conductivity is proportional to the ratio of lithium activity at the electrode and electron or hole conduction parameter of Li 3 PO 4 , respectively, from Eq. 21-23
From Eq. 25 and 26, the transference number for lithium-ion conduction is represented as a function of lithium activity of the electrode
͓27͔
The emf of the cell ͑Eq. 3͒ can then be calculated by the Wagner equation 28 involving the transference number substituting Eq. 27 into Eq. 28 and integrating
where t Li + is the Li + transference number and Li is the chemical potential of Li. Equation 28 leads to the expression shown in Eq. 5. By using this equation, it is possible to calculate the electron conduction parameter or hole conduction parameter from the measured emf and the lithium activity at the sensing and the reference electrodes. Finally, the transference number is calculated from Eq. 27.
When Eq. 5 is used to interpret the measured emf, five different cases can be considered, as shown in Fig. 15 . As discussed before, a Li Љ is about two orders higher than a Li Ј , and this relation is described in Fig. 15 . Cases ͑a͒ and ͑e͒ mean that Li 3 PO 4 electrolyte shows predominantly electron or hole conduction. In these cases, the emf would approach 0, which is not the case based on the measured values. Case ͑c͒ means that both lithium activities reside in the electrolytic domain and the emf should follow the Nernst equation, which is also not the case from the Experimental results. Case ͑b͒ means that Li 3 PO 4 acts as an MIEC with n-type conduction and ionic conduction, whereas case ͑d͒ corresponds to an MIEC with p-type conduction and ionic conduction. Therefore, the current sensor operating condition should resemble either case ͑b͒ or case ͑d͒. Considering the observed CO 2 sensor behavior, the deviation in the emf from the Nernst equation can be explained by using Eq. 6 and not 7. From multiple sensing tests, it is consistently observed that the emf deviation is more severe at lower CO 2 concentrations ͑500-5000 ppm͒ that correspond to higher lithium activities. The measured emf approaches the Nernstian values as the lithium activity is decreased and electronic conduction is minimized. This observation suggests that the decreased CO 2 pressure and hence the increased lithium activity at the sensing electrode makes lithium phosphate nonstoichiometric ͑Li 3+x PO 4 ͒ with excess lithium, as shown in Eq. 17. Referring to Fig. 15 , it seems that the lithium activities on both the electrodes under current sensor operating conditions reside in a conduction regime where n-type electronic conduction is not negligible.
In addition, the second derivatives for Eq. 6 and 7 are, respectively
The second derivatives have different signs. Consequently, Eq. 6 shows a concave and Eq. 7 a convex variation. Therefore, the fact that the measured emf data with a concave shape can be fitted by Eq. 6 is also an evidence that the deviation from the Nernst equation results from the n-type conduction in Li 3 PO 4 . Both equations were used to fit the experimental data in Fig. 6 and 7 for comparison. The curve-fitting results confirm that the CO 2 sensor behavior can be explained by the n-type conduction in Li 3 PO 4 ionic conductors. The electronic conduction parameter, a , and the lithium activity, a Li Ј , are obtained from the curve-fitting by Eq. 6. The estimated value of a Li Ј was used to calculate Li 2 TiO 3 o using Eq. A-4 and was found to be 1424.6 kJ at 500°C. This value is in good agreement with the literature value of 1430.6 kJ, 23 measured by solution calorimetry. The electronic conduction boundary is represented in Fig.  16 from the electronic conduction parameter a in Table IV . The electronic conduction parameter is a function of temperature on the log a Li vs 10000/T plane and is given by log a = − 1.810ͩ 10000 T ͪ + 5.403
͓31͔
As can be seen from Fig. 16 , the lithium activities at the sensing electrode are located in the n-type conduction region, slightly above the electron conduction parameter where Li 3 PO 4 shows the mixed ionic and electronic conduction behavior. On the contrary, the lithium activity at the reference electrode is lower by 2 orders of magnitude than the electronic conduction parameter in which purely ionic conduction prevails. Transference numbers were calculated from the electronic conduction parameters and the lithium activities at the electrodes by using Eq. 27 when Li 2 CO 3 is in contact with a Li 3 PO 4 ionic conductor. These results are shown in Fig. 17 . Generally, the ionic transference numbers at 500°C are higher than those at 600°C, and they also increase with the CO 2 partial pressure due to the decreased lithium activities at all temperatures.
Hebb-Wagner polarization measurement.-For the study of mixed ionic and electronic conduction in the current sensor structure, Li 2 CO 3 and gold mixture was used as a reversible electrode. Figure  18 shows the schematic design and chemical and electrical potential profiles of the cell. 8 Li 2 CO 3 and gold mixture provide the relation, e−,AuI Ј = e−,Li 2 CO 3 . Initial current must be the mixed ionic and electronic current due to the migration of lithium ion from the ionblocking electrode ͑gold͒ to the reversible electrode ͑Li 2 CO 3 + gold͒, but only electron or hole conduction plays a role in the steady-state current under the polarization condition. Therefore, it is assumed that ⌬ Li + ,Li 3 polarization except for the region where Li 3 PO 4 is close to the ionblocking electrode. This small region is responsible for most of the potential drop in this applied field, and there is no electrical potential gradient in Li 3 PO 4 based on Wagner's theory. 28 Hebb 36 showed experimentally that potential drop in Ag 2 S with ion-blocking electrodes was 0.2 V when 1.5 V was applied between two electrodes of Ag 2 S.
The ͓1 − exp͑−EF/RT͔͒ term in Eq. 10 becomes unity when the applied voltage is higher than 0.2 V at 500°C. So if n is not as large as p , the current density is only determined by the hole conductivity, which shows an exponential function, p ͓exp͑EF/RT͒ − 1͔͑RT/FL͒. If n is larger than p , the current density saturates to the value of n ͑RT/FL͒. As shown in Fig. 9 , the I-V curve of the cell ͑Eq. 8͒ shows the plateau current between 0.3 and 0.9 V, which represents an n-type electronic conduction behavior rather than a p-type. The increase in current above 0.9 V at 500°C might be due to hole conduction or decomposition of the sample. The ionic transference numbers were calculated from the equation
where the result with ion-blocking electrode in the previous discussion was used for the ionic conductivity, Li +, because it is assumed that Li + is not changed depending on lithium activity. n and p are obtained from the fit of the experimental data as shown in Fig. 9 . The Hebb-Wagner polarization measurement shows similar transference numbers at 500 and 600°C ͑Table VII͒, but the emf measurement shows lower ionic transference numbers at 600°C. In literature, 27,37,38 two possibilities of experimental errors for HebbWagner polarization measurements are discussed. When samples decompose, measured steady-state current represents not only the electronic but also the ionic current, which is controlled by the decomposition rate. However, if the decomposition current is included in the measured current, the measured electronic conductivity should be higher than the true electronic conductivity, which results in a lower lithium-ion transference number from HebbWagner polarization measurements. Ion-blocking electrode must block only the ionic transport in this measurement. If ion-blocking electrode induces the polarization of electrons, it could decrease the electronic current. In this case, measured current is determined by the Li chemical potential gradient in the Li 3 PO 4 , as well as the polarization resistance at the interface between Li 3 PO 4 and goldion-blocking electrode. Therefore, it is more probable that our HebbWagner polarization measurement might have reduced the electronic current due to the polarization of electrons at the ion-blocking electrode. In spite of the difference between two different transference number measurements, it is clear that the electronic conductivity is significant when Li 2 CO 3 is attached to the Li 3 PO 4 electrolyte from these experiments.
Conclusions
The total conductivity measured with gold-ion-blocking electrode from the ac measurement agrees well with the values reported in literature. Li 3 PO 4 is a purely ionic conductor when it is used in contact with ion-blocking electrode, and therefore, the total conductivity is practically the same as the ionic conductivity. The electron conduction parameters calculated from the emf measurement with Li 2 CO 3 sensing electrode and Li 2 TiO 3 reference electrode describe the conduction regime of Li 3 PO 4 near the boundary between the n-type and the ionic conduction region. The emf measurement showed that the lithium activity of Li 2 CO 3 sensing electrode is located in the mixed n-type and ionic conduction region of Li 3 PO 4 , but the lithium activity at the reference electrode is in the electrolytic region. Above 500°C, the Hebb-Wagner dc polarization measurement also shows significant n-type conduction when Li 3 PO 4 is in contact with Li 2 CO 3 sensing electrode. This result combined with the emf measurement suggests that the current Li 3 PO 4 electrolyte possesses significant electronic conduction when Li 2 CO 3 is used as the sensing electrode. The nonstoichiometric composition of Li 3 PO 4 due to the mass transport of Li from the Li 2 CO 3 electrode to the Li 3 PO 4 electrolyte is responsible for the electronic conduction in the CO 2 sensor.
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Appendix A Reference Electrode Reaction
From Reaction 12, we have 
